The effect of oxidized glutathione (GSSG) on inositol 1,4,5-trisphosphate (IP3) binding and the activity of 'P3-gated Ca2+ channels was examined in permeabilized hepatocytes. The permeability properties of the channel were measured by using Mn2+ quenching of compartmentalized fura-2 at 37°C and at 4°C for comparison with IP3-binding measurements. GSSG (2 mM) increased the IP3-sensitivity of Mn2+ quenching, consistent with previous studies based on Ca2+-release measurements [Renard, Seitz and Thomas (1992) binding in permeabilized hepatocytes to varied ratios of GSSG and GSH suggests that the IP3 receptor responds to an oxidized redox environment such as that found in the lumen of the endoplasmic reticulum. GSSG had no direct effect on the ligandbinding activity of detergent-solubilized and partially purified IP3 receptors. We conclude that GSSG exerts an indirect effect on the IP3 receptors in permeabilized hepatocytes by preventing a temperature-dependent loss of IP3-binding sites. We suggest that the hepatic IP3 receptors may interact with a thiol-disulphide oxidoreductase that utilizes GSSG as a substrate and prevents inappropriate unfolding of the ligand-binding domain occurring after incubation of the receptor at 37°C in vitro.
INTRODUCTION
Inositol 1,4,5-trisphosphate (IP3) is now recognized widely as a Ca2+-mobilizing intracellular messenger [1] . It is generated from phosphatidylinositol 4,5-bisphosphate as a consequence of receptor-mediated activation of phospholipase C and interacts with specific intracellular receptors to cause mobilization of sequestered intracellular Ca2+. By virtue of their activity, IP3 receptors (IP3R) occupy a central position in the regulation of intracellular Ca2+ and play a key role in the induction and maintenance of cellular Ca2+ oscillations [1, 2] . These oscillations are often evoked by agonists that stimulate IP3 formation, although they can also be triggered, in the absence of an increase of IP3, by other agents that cause mobilization of intracellular Ca2+. These agents include compounds which oxidize cellular glutathione (such as t-butyl hydroperoxide [3] ) or thiol reagents such as thimerosal [4] [5] [6] [7] [8] [9] [10] [11] . Most of these studies on intact or permeabilized cells have reached the conclusion that the effects of thiol reagents are related to a sensitization of the IP3R/ion channel to IP3.
Glutathione plays an essential role in a number of important biochemical processes, including the maintenance of cell integrity and cytoskeletal organization, modulation of protein conformation and enzyme activity [12, 13] . We have shown in a previous paper that GSSG enhances the efficacy of 'P3 in releasing Ca2+ by shifting the dose-response curve to the left, decreasing the EC50 by about 4-fold [6] . The quenching of compartmentalized fura-2 by Mn2+ has been used as a method for monitoring the activity of IP3-gated Ca2+ channels [14, 15] . The technique offers the advantage that IP3-dependent Mn2+ fluxes can be monitored independently of the Ca2+-sequestration capacity of the internal stores at different temperatures and where ligand-binding and ion-fluxes can be measured under comparable experimental conditions. We have utilized this method to investigate further the mode of action of GSSG on the hepatic IP3R. Our data indicate that there is a reversible change in IP3R availability after incubation of permeabilized hepatocytes at 37°C, which leads to masking of existing IP3-binding sites by a process that can be reversed by GSSG. The lack of a direct effect of GSSG on solubilized receptor binding and the temperature requirement suggest the involvement of an enzyme-catalysed thiol modification of the IP3 receptor itself or of ancillary regulatory proteins associated with the receptor.
MATERIALS AND METHODS
Binding measurements In permeabilized cells Isolated hepatocytes were prepared by collagenase perfusion of livers obtained from male Sprague-Dawley rats (250-300 g), as described previously [16] . After isolation, the hepatocytes were Abbreviations used: IP3, inositol 1,4,5-trisphosphate; IP3R, IP3 receptor; DTT, dithiothreitol; ER, endoplasmic reticulum. * To whom correspondence should be addressed. 185 washed twice in Na+/Hepes-buffered medium, composed of 120 mM NaCl, 20 where Ca21 was omitted (measured free [Ca2+] < 3 nM). The permeabilized hepatocytes were incubated with the different thiol compounds for 10 min at 4°C or 37 'C. In some cases dithiothreitol (DTT) was added 3 min before addition of GSSG. When the experiments were carried out at 37 'C, the cells were cooled to 4 'C for 10 min before performing the binding assay. Binding was measured at 4 'C by incubating 1 ml of the permeabilized cells with (1) (2) Measurement of IP3-medlated Mn2+ quenching of compartmentalized fura-2 Intact hepatocytes (4 mg of protein/ml) were loaded with 5 uM fura-2/AM for 35 min at 37 'C in a buffer (pH 7.4) containing 10 mM Na+/Hepes, 120 mM NaCl, 4.7 mM KCI, 5 mM NaHCO3, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2 mM CaCl2, 1O mM glucose and 2% BSA. After loading, the cells were washed and stored at 4 'C in Na+/Hepes buffer. Before use, the cells were washed once in Na+/Hepes buffer containing 100 ,M EGTA. The cells were then permeabilized at 4 'C or 37 'C in a buffer (pH 7.2) containing 120 mM KCI, 10 mM NaCl, 20 mM Tris/Hepes, 1 mM KH2P04, 0.2 mM MgCl2, 40 jzg of digitonin/ml, 5,M carbonyl cyanide m-chlorophenylhydrazone, 5 ,uM oligomycin, 1 ,uM rotenone, 2 mM MgATP, 5 mM phosphocreatine, 0.5 unit of creatine kinase/ml, and 1 ug each of pepstatin, antipain and leupeptin/ml and 2 uM thapsigargin. Incubations were performed in the cuvette of a fluorimeter (Photon Technology Inc. Deltascan) maintained at 4 'C or 37 'C with continuous stirring. The excitation wavelength was 360 nm with emission at 510 nm. The quenching of the fura-2 trapped within the organelles was monitored after addition of 40 uM MnCl2. The 10 min. The cells were centrifuged and resuspended in hepatocyte resuspension buffer containing 1 % Triton X-100. As a control, a portion of saponinpermeabilized hepatocytes which had not been preincubated and kept at 4 'C was also solubilized with Triton X-100. After 20 min on ice, the samples were centrifuged at 25000 g for 20 min to remove insoluble debris. Binding was assayed on the Triton X-100 extracts by using a poly(ethylene glycol) precipitation assay [17] . For determination of IP3R levels, the IP3R was immunoprecipitated from Triton-X-100-solubilized hepatocyte extracts after incubation for 4 
RESULTS
Mn2+ has been shown to permeate through IP3-sensitive Ca21 channels and quench the fluorescence of fura-2 compartmentalized in intracellular stores [14, 15, 19] . In the experiments described below, the Mn2+-quench measurements were made in the presence of thapsigargin to ensure that the intracellular stores were depleted of Ca2+. Thus the results are independent of the Ca2+ loading of the stores and can therefore be readily carried out at 4°C in order to make comparisons with binding measurements, which have to be carried out at low temperatures to limit [3H]IP3 metabolism. In addition, the ligand-induced inactivation of the IP3R identified recently by using the Mn2+-quench approach [20] does not occur at this temperature. Figure 1 shows that the addition of 40 uM Mn2+ induced a rapid phase of quenching that corresponds to interaction with the cytosolic dye that was released into the medium during cell permeabilization. After this rapid phase, the addition on a sub-maximal dose of IP3 (50 nM) induced an additional rapid quench of fluorescence, which then slowed to its unstimulated rate (Figure la). When the permeabilized hepatocytes had first been preincubated for 10 min at 37°C with 2 mM GSSG, the IP3-stimulated Mn2+ quench was enhanced ( Figure lb) Figure 2 (a). The EC50 for IP3 in control cells was 22.6 + 5.8 nM (h = 1.1) and in GSSG-treated cells the EC50 was 8.3+1.2 nM (h = 1.3). The magnitude of the leftward shift in the IP3 doseresponse curve was comparable with that observed previously when Ca2+ release was measured with Quin-2 at 37°C [6] .
[3H]IP3-binding assays were carried out on permeabilized hepatocytes at 4°C after an initial preincubation at 37°C for Ca2+). (Table 1) and has previously been shown to reproduce the effects of GSSG on 'P3-mediated Ca2l release [6] . Cysteine or GSH had no effect on the binding parameters (Table 1) . DTT was also without effect on its own (results not shown), but reversed the action of GSSG (Table 1) . It should be noted that the Mn2+-quench measurements and the [3H]IP3-binding assays shown above were carried out at a free Ca2+ concentration of 300-400 nM. In permeabilized hepatocytes, it has been reported that Ca2+ shifts the IP3R from a lowaffinity to a high-affinity form [22] . To examine the dependence of the GSSG effect on Ca2+ concentration, we repeated the measurements ofthe binding parameters with only EGTA present in the incubation medium. In the absence of added Ca2+, the measured Kd and Bmax of the binding site was higher than in the presence of Ca2+ (Figure 3 and Table 1 ). Under these conditions, GSSG pretreatment again increased the Bm.. without affecting the Kd (Figure 3 and Table 1 ). In this series of experiments, we also compared the effects of GSSG with those of thimerosal. Like GSSG, thimerosal also stimulated [3H]IP3 binding. However, the effect of thimerosal on [3H]IP3 binding was due to both a decrease in Kd and an increase in Bmax ( Figure 3 and Table 1 ). Table 2 shows that, when both agents were added together at maximal concentrations, their effects on [3H]IP3 binding were not additive.
The role of temperature on the effect of GSSG is shown in Figure 4 . We found that preincubation of permeabilized hepatocytes at 4°C with 2 mM GSSG did not enhance IP3-mediated Mn2+ quench at any concentration of added IP3 (Figure 4a) . Measurements of the binding parameters under these conditions also showed that GSSG did not significantly affect the Kd Furthermore, addition of GSSG at a later time during the incubation at 37°C returned binding activity to that observed initially. Samples removed at the end of the incubation were immunoprecipitated with antibody to C-terminal type-I IP3R.
The data show that the total amount of immunoreactive receptor was the same under all conditions (Figure 5b ). The reversibility of the temperature effect, together with the immunoprecipitation experiments, suggest that the observed loss of binding sites is not due to proteolysis of the receptor. The temperature-dependent decrease in binding activity was seen even when the receptors were transformed into a high-affinity state by adding Ca2+ (Table  3) . Qualitatively, the effect of GSSG was the same as observed was also substantially decreased when incubated at 37°C (Table  4) . The latter findings suggest that the loss of binding activity occurring as the temperature is raised may result from an altered conformation of the receptor itself or of a regulatory protein.
In contrast with the observations made with the receptor in its membrane environment, the addition of GSSG has no protective effect on the IP3R in Triton X-100 extracts or in immunoprecipitates. When permeabilized hepatocytes were treated with GSSG and then solubilized, the binding activity in the extracts was not different from that obtained from untreated hepatocytes (results not shown). GSSG at concentrations greater than 2 mM is maximally effective in sensitizing IP3-mediated Ca2+ release. With estimated ratios of cytoplasmic GSH/GSSG of 60 and total glutathione concentrations of 10 mM [13, 24] , it seems unlikely that the concentration of cytoplasmic GSSG exerts any effects on the IP3R under physiological conditions. However, the lumen of the endoplasmic reticulum (ER) is also estimated to contain 10 mM total glutathione, but at a ratio of GSH/GSSG of 2. The oxidized ratio of GSH/GSSG is maintained by the selective, temperature-dependent, transport of GSSG across the ER membrane [24] . The dependence of [3H]lP3 binding in permeabilized hepatocytes was measured at different ratios of GSSG/GSH and as a function of total glutathione concentration ( Figure 6 ). The data show that [3H]IP3 binding is sensitive to changes in the ratio of GSSG/GSH below 2 (or GSH/GSSG ratios > 0.5). These values are more appropriate to those found in the ER lumen than in the cytosolic compartment. Figure 6 also shows that the relationship between ligand binding and imposed GSSG/GSH ratio is also a function of the total glutathione concentration. Maximal levels of binding and the half-maximal ratios of GSSG/GSH were increased as total glutathione concentration was increased. At a GSSG/GSH ratio of 9, 1P3 binding was increased substantially in the range of total glutathione concentrations of 2-10 mM. Since maximal effects of GSSG were obtained at 2 mM GSSG in the absence of GSH ( [6] ; results not shown), these data suggest that the level of GSH itself may also play a role in setting the sensitivity to GSSG [25] .
DISCUSSION
In liver, the IP3R/ion channel is proposed to exist in at least three conformational states: an active ion-conducting, low-affinity ligand-binding, state (I); an active ion-conducting, high-affinity ligand-binding, state (II); and an inactive ion-conducting, highaffinity ligand-binding, state (III) [7, 26, 27] . Interconversion between these states is facilitated by several factors. Low concentrations of Ca2+ stabilize the receptor in state II, and higher concentrations favour conversion of the receptor into state III. As observed in other studies [17, 27] using comparable experimental conditions, only a single class of binding sites was detected in the presence or absence of Ca2 .
The main observation made in this study was that the effects of GSSG on IP3R binding or ion fluxes require preincubation with the thiol agent at 37°C and that preincubation of the permeabilized hepatocytes at this temperature itself led to a loss of binding sites that was prevented by inclusion of GSSG. Previous studies have shown that incubation of permeabilized hepatocytes at 37°C favours the low-affinity form of the receptor (state I) [22, 28] . The dissociation rate of 1P3 from the receptor is increased at 37°C compared with 4°C [29] . It is therefore possible that the apparent decrease in binding sites observed after preincubation at 37°C is the result of loss of a rapidly dissociating component of the labelled ligand during the membrane-filtration assay employed in these experiments. This seems unlikely, for several reasons. Firstly, the actual binding measurements were conducted at 4°C and after an initial equilibration period at 4°C, a temperature where the dissociation rate of label over the estimated 2 s wash period would produce a minimal loss of label. Secondly, a loss of binding sites was also observed in the presence of Ca2+. Again, the dissociation rate of IP3 from the high-affinity form at 4°C has been shown to be extremely slow [29] . Finally, it should be noted that it is unlikely that the loss of binding sites at 37 "C reflects the transition of the receptor to a low-affinity form that we cannot detect, because the Kd values obtained for the low-and high-affinity receptor forms in the present study are in reasonable agreement with the values in the literature (cf. [22, 27] ).
Preincubation of permeabilized hepatocytes or liver membranes has been shown previously to lead to the complete loss of high-affinity IP3-binding sites [22, 28] . In our hands, this loss reflected a decrease in Bmax of the binding sites and occurred irrespective of whether the receptor was in the high-or lowaffinity form. Loss of binding sites was not the result of receptor proteolysis, as judged by its reversibility by GSSG and by direct immunoblotting measurements. Preincubation of hepatocytes at 37 "C in the presence of GSSG produced a shift in the EC50 for IP3-mediated Mn2+ quench, whereas binding measurements made under the same experimental conditions show that preincubation with GSSG increased the Bmax of the binding sites without altering the Kd. If bivalent-cation flux is proportional to the number of occupied IP3R, it would be expected that the greater the density of functional receptors, the lower the IP3 concentration required to attain any given concentration of occupied receptor [30, 31] . Thus the higher number of functional binding sites present after GSSG treatment is compatible with a lower EC50 for IP3-gated Ca2+ fluxes. On this basis it would also be predicted that the EC50 for IP3R-gated Mn2+ quench should be higher in cells preincubated at 37°C (Figure 2a The thiol reagent thimerosal has also been shown to enhance the affinity of IP3-mediated Ca2+ release in permeabilized hepatocytes [7] . However, there are several differences in the mode of action of thimerosal and GSSG. Firstly, the effect of thimerosal does not require preincubation at 37°C [7] . Secondly, preincubation of the permeabilized hepatocytes at 37°C with thimerosal changes the Kd and Bmax of the binding site, whereas GSSG affects only the latter parameter (Table 1 ). In a recent paper, Kaplin et al. [25] showed that thimerosal has a direct effect on the purified IP3R, increasing the affinity of the receptor without changing the Bmax. Taken together, these data suggest two distinct sites of action: one, common to GSSG and thimerosal, results in an increase in Bmax, and the other, perhaps more direct, effect, which is specific for thimerosal, results in a decrease in Kd. Recently, we have shown that mersalyl and thimerosal, which are related organomercurial thiol agents, have distinct effects on the conformation of the IP3R, as judged from its sensitivity to proteolysis [32] . These studies underscore the view that the IP3R may possess several reactive thiol groups that are differentially reactive with added thiol agents.
All known IP3R isoforms are believed to exist in membranes as homotetramers. The six putative transmembrane domains present at the C-terminus of each monomer are proposed to be involved in oligomerization of the protein and in formation of a Ca2+ channel [33, 34] . A conserved sequence (TTCFICG) present in the C-terminal tail of types I, II and III IP3R has been proposed to be the target of thiol reagents that enhance IP3-mediated Ca2+ release [1] . However, we found that binding sites were not decreased upon preincubation of cerebellum microsomes at 37°C and there were no effects of GSSG (results not shown). Furthermore, although the temperature-dependent loss of binding sites could be observed in several disrupted systems, the protective effect of GSSG could only be observed in native membranes. These data imply that GSSG does not interact associated regulatory protein. The following hypothesis is advanced to account for our experimental data. Loss of the ligandbinding activity of permeabilized hepatocytes at 37°C is the result of inappropriate unfolding of the ligand-binding domain and that this process is prevented or reversed by GSSG as a result of an enzymic process which utilizes or is regulated by GSSG. Unfolding of the ligand-binding domain may be the result of a disruption of inter-molecular non-covalent interactions, formation of inappropriate disulphide bonds or partial disassembly of oligomers. There is some evidence in the literature that the latter process is facilitated by reduction of disulphide bonds [35] . An enzymic process that could play a role in mediating the effect of GSSG would be any thiol-disulphide oxidoreductase that interacts with the IP3R. Any candidate enzyme would have to be tightly associated with the membrane or be intraluminal, since thorough washing ofpermeabilized hepatocytes does not prevent the effect of GSSG (results not shown). Potential candidates are intraluminal enzymes such as protein disulphide-isomerase [36, 37] . A system in vitro which retains the interaction between IP3R and added purified oxidoreductases is necessary to test this hypothesis further.
The physiological implications of our observations regarding the effects of temperature and GSSG are unclear. When intact hepatocytes are preincubated at 37 "C and then permeabilized, [3H]IP3-binding activity is not significantly different from that in hepatocytes permeabilized after preincubation at 4°C (results not shown). This implies that the temperature-dependent loss of binding sites does not occur in an intact cell, possibly because the glutathione redox state is poised at a favourable ratio. Recently, Missiaen et al. [38] showed that decreasing the total cellular glutathione by 80 % in HeLa cells with an inhibitor ofglutathione biosynthesis had no effect on Ca2+ spiking induced in these cells by histamine. These workers also showed that DTT had no effect on Ca2+ spiking. They concluded that glutathione plays no role in agonist-induced Ca21 signalling in HeLa cells [38] . Our own data suggest that the hepatic IP3R is sensitive to changes in GSH/GSSG ratios that are much lower than those thought to exist in the cytosol. The underlying assumption in these experiments is that changing the ratio of GSH/GSSG in the medium of permeabilized cells would produce a parallel change in the ER lumenal ratio. If this assumption is valid it can be concluded that the hepatic IP3R is sensitive to GSH/GSSG ratios that are similar to those reported to exist in the ER lumen [24] . It is therefore possible that the glutathione redox ratio in this compartment and the activity of lumenal thiol-disulphide oxidoreductases are important parameters in the regulation ofthe IP3R. It should be noted that two conserved cysteine residues are found in a putative intraluminal loop of all cloned IP3R isoforms [39] . Although the physiological significance of the present findings remain to be established, these data do have relevance for studies of IP3-mediated responses in permeabilized cells. Such studies are customarily carried out after a period of preincubation at 37 "C in the absence of a glutathione redox buffer, and it is clear that both these factors have important effects regulating the function of the liver IP3R.
